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Kinesin motor proteins transport intracellular
cargoes throughout cells by hydrolyzing ATP and
moving along microtubule tracks. Intramolecular
autoinhibitory interactions have been shown for
several kinesins in vitro; however, the physiological
significance of autoinhibition remains poorly under-
stood. Here, we identified four mutations in the
stalk region and motor domain of the synaptic
vesicle (SV) kinesin UNC-104/KIF1A that specifically
disrupt autoinhibition. These mutations augment
both microtubule and cargo vesicle binding in vitro.
In vivo, these mutations cause excessive activation
of UNC-104, leading to decreased synaptic density,
smaller synapses, and ectopic localization of SVs in
the dendrite. We also show that the SV-bound small
GTPase ARL-8 activates UNC-104 by unlocking the
autoinhibition. These results demonstrate that the
autoinhibitory mechanism is used to regulate the dis-
tribution of transport cargoes and is important for
synaptogenesis in vivo.INTRODUCTION
Axonal transport is essential for neuronal function and morpho-
genesis (Hirokawa et al., 2010). Disruption of axonal transport
underlies many neuronal diseases (Holzbaur and Scherer,
2011; Morfini et al., 2009; Niwa et al., 2013). Synaptic vesicle
(SV) material is synthesized in the cell body and transported
along the axon to synapses (Hirokawa et al., 2010). The axonal
transport kinesin for SV precursors, UNC-104, was originally
identified through genetic analysis in Caenorhabditis elegans
(Hall and Hedgecock, 1991; Otsuka et al., 1991). UNC-104 be-
longs to kinesin-3 family and is structurally and functionally
well conserved among higher eukaryotes that have nervous sys-
tems. In the Drosophila Imac mutant, SVs and active zone pro-
teins are largely missing from the axon (Barkus et al., 2008;Cell R
This is an open access article under the CC BY-NPack-Chung et al., 2007). In mammals, KIF1A and KIF1Bb, the
homologs of UNC-104, transport SV precursors as well (Niwa
et al., 2008; Okada et al., 1995; Zhao et al., 2001).
Autoinhibition is a common mechanism for the regulation of
molecular motors (Cheng et al., 2014; Coy et al., 1999; Friedman
and Vale, 1999; Hackney, 1995; Liu et al., 2006; Torisawa et al.,
2014). Several studies showed that KIF1A is inactivated by an
autoinhibitory mechanism (Al-Bassam et al., 2003; Hammond
et al., 2009; Lee et al., 2004). Coiled-coil (CC) 1 andCC2domains
of KIF1A negatively affect the motor domain and inhibit the bind-
ing of KIF1A to microtubule-bound fractions (MTs). Deletion of
CC1 and CC2 domains constitutively activates the motor activity
of KIF1A (Hammond et al., 2009). Structural studies have sug-
gested that the CC1 domain is required for the dimerization
and activation of UNC-104/KIF1A (Huo et al., 2012; Yue et al.,
2013). However, how the autoinhibition of UNC-104/KIF1A is un-
locked remains elusive. Furthermore, the physiological roles of
the autoinhibition of UNC-104/KIF1A remain unknown, while it
has been suggested that the autoinhibition of molecular motors
is required to avoid futile ATP hydrolysis when motors do not
bind to cargoes (Verhey and Hammond, 2009).
We have previously found that ARL-8, an arf-like small guano-
sine triphosphatase (GTPase), is required for the axonal trans-
port of SV precursors in C. elegans (Klassen et al., 2010). Axonal
transport of SV precursors is perturbed and SVs ectopically
accumulate at proximal sites along the axon in arl-8 mutants.
In this paper, we report the identification of four dominant sup-
pressors of arl-8 in C. elegans. These mutations are in the motor
domain, CC1 andCC2 domains of UNC-104, and the nucleotide-
binding domain of ARL-8. By characterizing the synaptic pheno-
types of these mutants, we showed that lack of this regulatory
mechanism leads to defects of axon-specific sorting of synaptic
materials, decreased synapse density, and impaired cargo stop-
ping in vivo.RESULTS
Identification of Dominant Suppressors of arl-8
We visualized the synaptic specializations in the DA9 motor
neuron by expressing GFP::RAB-3 under the itr-1 promotereports 16, 2129–2141, August 23, 2016 ª 2016 The Authors. 2129
C-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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(A) Schematic drawing of the DA9 neuron.
(B) Representative image of the localization of
GFP::RAB-3 in WT worms. GFP::RAB-3 was ex-
pressed using an itr-1 pB promoter. The arrow-
head shows where the DA9 commissure joins the
dorsal nerve cord.
(C) Image montage of the dorsal synaptic regions
in WT, arl-8(wy271), and arl-8(wy271);wy873. Ten
confocal images from each genotype were crop-
ped, straightened, and aligned using the NIH
image.
(D and E) Representative images of the localization
of GFP::RAB-3 in DA9 in (D) arl-8(wy271) and (E)
arl-8(wy271);wy873.
(F) Domain structure of UNC-104 and the gain-of-
function mutations.
(G) Representative image of arl-8(wy271) over-
expressing UNC-104.
(H–J) Statistical analysis of suppressor mutants.
(H) The definition of domains that were analyzed.
(I) The number of puncta misaccumulated to the
commissure region. (J) The length of the asynaptic
region.
Scale bars, 50 mm. Mean ± SEM, *p < 0.01
compared to arl-8(wy271), Dunnett test, n = 50
animals. See also Figure S1.(Figures 1A and 1B) (Klassen and Shen, 2007). Previously, we
have shown that loss of ARL-8 activity in the arl-8(wy271) allele
causes defects in axonal transport of SVs and abnormal accu-
mulation of SVs to the proximal axon (Figures 1C and 1D).
arl-8(wy271) is a strong loss-of-function allele of arl-8 in which
part of the promoter region and the first three amino acids are
deleted (Klassen et al., 2010). To understand the molecular
mechanisms of axonal transport, we performed an F1 suppres-
sor screen to obtain dominant suppressors of arl-8(wy271).
We isolated wy798, wy865, and wy873 as suppressors of
arl-8(wy271) (Figures 1C–1E; Figure S1A). In these suppressor
mutants, GFP::RAB-3 is more distally localized and the commis-
sure mislocalization observed in arl-8(wy271) was diminished
(Figures 1C–1E). However, the expression level of a SV marker,
SNB-1 (synaptobrevin), was not changed in these mutants (Fig-
ure S1B). All three mutants were isolated by an F1 screen and
behaved as dominant suppressors. Genetic mapping and
sequencing analysis revealed that the causative mutations in
wy798, wy865, and wy873 are all substitution mutations on2130 Cell Reports 16, 2129–2141, August 23, 2016conserved amino acids in unc-104. The
substitution mutants were V6I (wy865),
E412K (wy798), and E612K (wy873) (Fig-
ure 1F). UNC-104 specifically transports
SV precursors and active zone proteins,
but not other organelles in C. elegans
(Hall and Hedgecock, 1991; Klassen
et al., 2010; Klopfenstein et al., 2002;
Maeder et al., 2014; Ou et al., 2010; Wu
et al., 2013). The V6Imutation is in themo-
tor domain, while the E412K and E612Kmutations are in the CC1 and CC2 domains, respectively. Three
lines of evidence suggest that all three mutations cause
enhanced function of UNC-104/KIF1A. First, all three mutations
are fully dominant: these mutants were isolated by the F1
screening, and heterozygote mutants suppress the arl-8 pheno-
types. Second, overexpression of the wild-type (WT) version of
UNC-104 can suppress arl-8 phenotypes in DA9 neuron cells
autonomously (Figure 1G). Third, we have reported another
gain-of-function (gf) allele of unc-104(wy673), with a point muta-
tion in the region between the forkhead-associated (FHA)
domain and the CC2 domain (Wu et al., 2013). To quantify the
suppressor mutant phenotypes, we measured the number of
misaccumulated puncta in the commissure and the length
of the asynaptic region (Figures 1H–1J). Misaccumulation
of RAB-3-positive puncta in arl-8 was suppressed by unc-104
mutations (Figure 1I). The length of the puncta-free dorsal axon
is correspondingly increased in the suppressor double mutants
(Figure 1J). Thus, we have isolated multiple point mutations
that can cause an increase in UNC-104 activity.
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Figure 2. Gain-of-Function KIF1A Mutations Disrupted the Autoinhibition of KIF1A
(A) Domain structures of the full-length and mutant KIF1A used in Figure 2 and Figure S2.
(B) Confocal images of WT and mutant KIF1A expressed in COS-7 cells. KIF1A(WT)::GFP is mostly diffuse in the cytoplasm. Introduction of a motor domain
mutation (V8I) or a tail domain mutation (E646K) causes KIF1A::GFP to show an MT-like and vesicular staining pattern.
(C) Fluorescence images of KIF1A(E646K)::GFP and TUBB5::TagRFP coexpressed in COS-7 cells. Note the colocalization of KIF1A and tubulin. Pearson’s
R value is 0.68 ± 0.13 (mean ± SD).
(D) Subcellular localization of truncation mutants of KIF1A fused with GFP and expressed in COS-7 cells. The full-length KIF1A is diffuse in the cytoplasm, and the
motor domain-alone mutant (KIF1AMD) is localized on MTs. Conversely, the motor domain was deleted (KIF1ADMD) to show vesicular structure.
(E) Quantification of subcellular localization of WT and mutant forms of KIF1A in COS-7 cells. n = 103 cells for each genotype. *p < 0.05; not significant (NS),
p > 0.05, chi-square test with Bonferroni corrections.
(F andG)Western blot analyses of tubulin’s ability to precipitate WT andmutant forms of KIF1A. (F) Representative results. KIF1A::GFP and tubulin were detected
by anti-GFP antibody and Coomassie Brilliant Blue (CBB) staining. In, total input; S, supernatant. (G) Quantification of western blot analysis. Mean ± SEM,
*p < 0.01, Dunnett test.
Scale bars, 5 mm. N = 5. See also Figure S2.gf Mutations Disrupt Autoinhibition
It has been reported that the CC1 and CC2 domains can regulate
the activity of KIF1A, a mammalian homolog of UNC-104,
through autoinhibitory mechanisms (Al-Bassam et al., 2003;
Hammond et al., 2009; Lee et al., 2004). To further understand
the mechanisms of autoinhibition and how the point mutations
result in increased UNC-104/KIF1A activity, we examined the
localization of mutant kinesins in COS cells to evaluate their
MT- and cargo-binding abilities. COS-7 cells are suitable for
analyzing the subcellular localization of motor proteins and as-
sessing motor states (Hammond et al., 2009). The mouse
KIF1A is suitable for COS-7 experiments, because the mutated
residues are completely conserved between mouse KIF1A and
C. elegans UNC-104 (Figure 2A; Figure S2A). Mammalian
KIF1A and ARL8B efficiently rescued unc-104- and arl-8-mutant
phenotypes in worms, including the defect of worm motility and
the SV mislocalization (Figures S2B–S2G), suggesting that thefunctions of UNC-104 and ARL-8 in trafficking SVs are well
conserved.
In COS-7 cells, WT KIF1A wasmostly diffuse in the cytoplasm,
which can be attributed to the autoinhibitory mechanisms shown
previously (Figure 2B, left panel) (Hammond et al., 2009). All four
amino acid changes (V8I, E439K, G631R, and E646K, corre-
sponding to wy865, wy798, wy673, and wy873 mutations,
respectively) induced KIF1A to exhibit both tubular and intracel-
lular membrane localization patterns (Figure 2B, center and right
panels; Figure S2H). This tubular structure was characteristic of
a MT localization pattern. Subsequent visualization of MTs using
a MT marker TUBB5::TagRFP (Niwa et al., 2013) confirmed that
KIF1A localized to MTs (Figure 2C). The donut-shaped internal
membrane fluorescence pattern is reminiscent of the localization
of endosomal proteins such as RAB5 (So¨nnichsen et al., 2000).
These results suggest that the mutated KIF1A can bind to both
MTs and internal membranes more readily compared with theCell Reports 16, 2129–2141, August 23, 2016 2131
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Figure 3. UNC-104 Is Activated by Autoinhi-
bition Mutations in DA9
GFP::UNC-104(WT), GFP::UNC-104(V6I), GFP::
UNC-104(E412K), GFP::UNC-104(G598R), and
GFP::UNC-104((E612K) were coexpressed with
dsRed in DA9 using the itr-1 pB promoter.
(A) Western blot analysis for the expression level of
GFP::UNC-104 transgenes. The number indicate
the relative expression level compared toWT. n = 3.
(B and C) Subcellular localization of UNC-104::GFP
and UNC-104(E612K)::GFP. (B) Schematic drawing
of the DA9 cell body and axon. The three boxed
regions are shown in (C). (C) UNC-104(WT)::GFP is
diffusely localized in the DA9 cell, but UNC-
104(E612K)::GFP is strongly enriched at the distal
tip of DA9. Green, the localization of UNC-104
(WT)::GFP andUNC-104 (E612K)::GFP; red, images
of the dsRed channel; arrows, axonal shafts; ar-
rowheads, axonal distal tip. Scale bars, 5 mm.
(D) Quantification of the subcellular distribution of
WT and mutant UNC-104. n = 103 for each geno-
type. p < 0.05, chi-square test with Bonferroni
corrections. Schema shows the distribution of
UNC-104::GFP.
See also Figure S3.WT controls. To further understand the domain requirement of
MT and membrane binding, we expressed truncated versions
of KIF1A in COS-7 cells (Figures 2A and 2D). Consistent with pre-
vious studies (Hammond et al., 2009; Lee et al., 2004; Niwa et al.,
2013), the motor domain alone (KIF1AMD) exhibited a strong MT
localization pattern, suggesting that themotor domain is respon-
sible and sufficient for the MT binding and that this binding
activity is masked by the tail domains in the full-length construct
(Figure 2D, center panel) (Hammond et al., 2009). Conversely, we
found that the tail domains alone (KIF1ADMD) showed am exclu-
sive internal membrane localization pattern (Figure 2D, right
panel), indicating that the tail domains are sufficient to bind to
the vesicular cargoes. Statistical analysis supports these obser-
vations (Figure 2E).
Moreover, we performed MT-binding assays (Niwa et al.,
2013). Consistent with its cellular localization, WT KIF1A did
not show strong binding to MTs (Figures 2F and 2G); most WT
KIF1A was recovered from the supernatant fraction. However,2132 Cell Reports 16, 2129–2141, August 23, 2016when each of the four mutations was intro-
duced, mutant KIF1A could be recovered
from the MT pellet fractions, confirming
that the point mutations enhance the MT
binding of KIF1A (Figures 2F and 2G).
Altogether, these data suggest that the
motor domain and the tail domain mutually
inhibit each other’s respective abilities to
bind to the MTs and cargo membranes.
Introduction of mutations into the motor
domain (V6I) or the tail domain (E412K,
G598R, and E612K) disrupts the autoinhi-
bition and enables the mutant kinesins to
bind to both MTs and vesicles. Because
V6I is in the motor domain, we examinedwhether this mutation changes the ability of the motor domain
to move on MTs. We expressed truncated versions of UNC-
104 with or without the V6I mutation (1–371 aa) in E. coli and per-
formed in vitro MT gliding assays (Pierce et al., 1999). We found
that the V6I mutation did not significantly change the speed of
MT gliding, suggesting that neither the ATPase nor the affinity
to MTs is affected by this mutation (WT = 1.68 ± 0.38 mm/s,
V6I = 1.35 ± 0.44 mm/s, n = 25) (Figure S2I).
Suppressor Mutations Activate UNC-104 In Vivo
We examined the localization of GFP-fusedC. elegansUNC-104
(UNC-104::GFP) in the DA9 neuron in vivo. First, we asked
whether thesemutations affect the protein expression or stability
of UNC-104 by measuring the level of UNC-104. A western blot
analysis showed that the mutant UNC-104 proteins are ex-
pressed at levels similar to those of the WT control (Figure 3A).
Next, we examined the subcellular distribution UNC-104 vari-
ants. WT UNC-104::GFP was distributed throughout the DA9
cell body and axon (Figures 3B and 3C) but was under the
detectable level in the dendrite (data not shown). Within the
axon, a diffuse GFP signal can be detected in both the synaptic
region and the distal axon tip (Figures 3B and 3C, WT). In
contrast, UNC-104(E612K)::GFP was strongly accumulated at
the axonal tip and under the detectable level in the cell body
and the rest of the axonal regions (Figures 3B and 3C, E612K).
Expression of WT and mutant UNC-104::GFP did not affect
the DA9 axonal and dendritic morphology. The other three mu-
tants, UNC-104(V6I)::GFP, UNC-104(E412K)::GFP, and UNC-
104(G598R)::GFP, showed similar tip accumulation (Figure 3D;
Figure S3). This tip accumulation observed in the DA9 neuron
is similar to that observed in mammalian neurons in which auto-
inhibition-disrupted kinesins were expressed (Hammond et al.,
2009; Lee et al., 2004; Nakata and Hirokawa, 2003; Niwa et al.,
2013). Altogether, these biochemical experiments in COS cells
and cell biological experiments in vivo suggest that full-length
UNC-104 is regulated by an autoinhibitory interaction between
the motor domain and the tail domains. Specific mutations in
the CC domain and motor domain strongly activate UNC-104
by alleviating the autoinhibition.
Autoinhibition of UNC-104 Determines Synaptic Density
Having established that unc-104(gf) mutations disrupt the auto-
inhibition, we next analyzed the synaptic phenotypes of these
mutants to clarify the consequence of overactive UNC-104 and
the function of autoinhibition in axonal transport. It was found
that a weak but significant amount of SVs visualized with GFP-
RAB3 were observed in the dendritic shaft in unc-104(gf) mu-
tants while SVs were largely restricted to the dorsal synapse
domain in the axon (Figures 4A and 4B0). This fully penetrant
phenotype suggests that overactivation of UNC-104 can lead
to excessive trafficking of SVs to the dendrite. Within the synap-
tic domain, we found that the density of presynaptic boutons
visualized with both RAB-3 and SYD-2 (an active zone protein)
was reduced compared to the WT controls (Figures 4C–4I). In
both genotypes, RAB-3 and SYD-2 were similarly and strongly
colocalized at the synaptic region (Figure 4E). The average inter-
synaptic distance was 3.1 ± 1.5, 4.4 ± 2.4, and 5.2 ± 2.7 mm in
WT, unc-104(wy865[V6I]), and unc-104(wy873[E612K]), respec-
tively (n = 69, p < 0.01, Mann-Whitney U test). While only about
10% of the intersynaptic distance was more than 5 mm in WT,
about 40% of the intersynaptic distance was more than 5 mm
in unc-104(gf)mutants (Figure 4F). The number of synaptic bou-
tons was not significantly changed in unc-104(gf) alleles (23.2 ±
1.9, 22.4 ± 1.8, and 22.7 ± 1.8 synaptic boutons in WT, unc-
104(wy865[V6I]), and unc-104(wy873[E612K]) respectively) (Fig-
ure 4G). These data suggest that the autoinhibition of UNC-104
regulates the synaptic density but not the number of synaptic
boutons in theDA9 neuron.We alsomeasured the fluorescent in-
tensity and size of RAB-3::GFP and SYD-2::RFP puncta. Both
RAB-3 and SYD-2 puncta were weaker and smaller in unc-
104(wy873[E612K]) compared with the WT controls (Figures
4H and 4I). To further characterize the synaptic phenotypes,
we used a microfluidic device coupled with an automated image
analysis system to quantify various parameters of the DA9 syn-
apses (Crane et al., 2012). In addition to the synapse density
phenotype, we found that the mean synaptic area and themean fluorescence intensity visualized with SNB-1::YFP were
subtly but significantly reduced in all four unc-104(gf) compared
to WT, suggesting that the mutant synapses are smaller (Figures
4J and 4K). As a control, we observed jkk-1(km2), a loss-of-func-
tion mutant of a mitogen-activated protein (MAP) kinase kinase,
MKK7, that we have shown to regulate synaptic marker intensity
(Wu et al., 2013). Consistent with the previous observation,
jkk-1(km2) also showed weaker puncta.
To test whether the changes of synaptic localization and size
affect synaptic transmission, we performed an aldicarb resis-
tance assay. Aldicarb inhibits synaptic choline esterase and par-
alyzes worms. Aldicarb resistance is suggestive of defects in
cholinergic synaptic transmission (Mahoney et al., 2006). We
found that all four autoinhibition mutants of unc-104 were aldi-
carb resistant, suggestive of reduced synaptic transmission in
the mutants (Figure 4L). This synaptic transmission phenotype
is consistent with the reduced synaptic size observed in these
mutants.
ARL-8 and UNC-104 Regulate the Pause Duration of
Transport Vesicles
To better understand the effect of autoinhibition mutants on SV
transport in vivo, we performed time-lapse imaging experiments
after photobleaching a segment of the axon (Figure 5A). We
found that mobile transport RAB-3 puncta pause frequently
along the axonal shaft in WT (Figure 5B). The photobleaching
procedure allows us to unambiguously determine the number
of movement events, the duration of pauses, and the direction-
ality of reinitiated movements after pause. This procedure re-
vealed that most transported vesicles stopped at vesicle pools
do not fuse with other vesicles and restart movements (Fig-
ure 5B). Then, we measured the pause duration in WT, arl-
8(wy271), and unc-104(gf). Compared to the WT controls, the
arl-8(wy271) mutants have longer pauses (8.3 ± 0.4 and 15.5 ±
1.1 s in WT and arl-8, respectively; mean ± SEM) (Figure 5C).
The unc-104(gf) mutations tended to reduce the pause duration
in bothWT and arl-8(wy271) backgrounds (5.5 ± 0.47, 6.9 ± 0.54,
7.9 ± 0.47, 11.6 ± 0.64, and 14.3 ± 0.85 s in unc-104(wy673
[G598R]), unc-104(wy873[E612K]), unc-104(wy865[V6I]), arl-8;
unc-104(wy673[G598R]), and arl-8; unc-104(wy873[E612K]),
respectively) (Figure 5C). The frequency of anterograde move-
ment was reduced in arl-8(wy271) (0.27 ± 0.013/s and 0.17 ±
0.009/s in WT and arl-8, respectively) (Figure 5D). Similarly, the
frequency of retrograde transport was reduced in arl-8(wy271)
compared to WT (0.13 ± 0.008/s and 0.06 ± 0.007/s in WT and
arl-8, respectively) (Figure 5E). The G598R and E612K mutations
completely suppressed the movement number defect of arl-
8(wy271) in the anterograde transport and partially suppressed
it in the retrograde transport (Figures 5D and 5E). While G598R
and E612K mutations did not change the transport frequency
in the WT background, V6I mutation significantly increased the
frequency of the vesicular movement (69% and 60% increase
in the anterograde and retrograde transport compared to WT)
(Figures 5D and 5E). In addition, we analyzed the direction of
the vesicle movement after a pause (Figure 5F). It was found
that anterograde transport events were less likely to reverse
direction after a pause in unc-104(wy673[G598R]) or unc-
104(wy873[E612K]) (Figure 5F). This phenomena was observedCell Reports 16, 2129–2141, August 23, 2016 2133
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Figure 4. Autoinhibition Mutants Show Synapse Organization and Trafficking Phenotypes
(A and B) Confocal images of DA9 synapses in WT (A) and unc-104(wy873[E612K]) (B), labeled with GFP::RAB-3. (A0 and B0) Representative images of the DA9
dendritic region in WT (A0) and unc-104(wy873[E612K]) (B0). Boxed areas in (A) and (B) are zoomed. Scale bars, 50 mm.
(C and D) Imagemontages (C) of part of the synaptic region inWT and the mutant. The interpunctal distance is larger in unc-104(wy873[E612K]) than inWT. Scale
bars, 5 mm. (D) Tracing of the interpuncta in (C).
(E) Confocal images of the DA9 synaptic region labeled bymCherry::RAB-3 (SVmarker, red) and GFP::SYD-2 (active zonemarker, green). While the intersynapse
distance varies among genotypes, SVs and the active zone are well colocalized in both WT and unc-104(wy873[E612K]). Pearson’s R values are 0.72 ± 0.13 and
0.72 ± 0.14 in WT and unc-104(wy873[E612K]), respectively (n = 8 worms). Not significant in t test.
(legend continued on next page)
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Figure 5. Kymograph Analysis
(A) Schematic showing a kymograph with transport events obscured by existing puncta in the upper part of the panel (pre-bleach). In the lower part of the panel,
transport events and their pause durations are revealed by bleaching existing puncta (post-bleach).
(B) Representative kymographs of transport events. Time and length are on the y axis and x axis, respectively. Scale bars, 6 s and 5 mm, respectively.
(C) Pause duration. A pause was defined as a clear lack of movement at motor-driven transport speeds (>1 mm/s), which lasted longer than 1 s. Mean ± SEM,
*p < 0.05, Kruskal-Wallis test. WT, 902 pauses from 76 worms. unc-104(wy673[G598R]), 271 pauses from 28 worms. unc-104(wy873[E612K]), 259 pauses from
23 worms. unc-104(wy865[V6I]), 398 pauses from 29 worms. arl-8(wy271), 197 pauses from 30 worms. arl-8(wy271); unc-104(wy673[G598R]), 476 pauses from
33 worms. arl-8(wy271); unc-104(wy873[E612K]), 311 pauses from 24 worms.
(D and E) Anterograde (D) and retrograde (E) event frequencies were measured by isolating a specific 1-mm section of the axon and calculating the number of
events moving anterogradely or retrogradely that passed through this 1-mm zone during the 1-min transport movies. *p < 0.05. Significance was computed using
the Kruskal-Wallis test. Mean ± SEM. N = WT, 76 worms; unc-104(wy673[G598R]), 28 worms; unc-104(wy873[E612K]), 23 worms; unc-104(wy865[V6I]), 29
worms; arl-8(wy271), 30 worms; arl-8(wy271); unc-104(wy673[G598R]), 33 worms; arl-8(wy271); unc-104(wy873[E612K]), 24 worms.
(F) Retrograde-to-anterograde ratio was calculated for transport reinitiation events that emerged from an anterogradely moving event pausing. After the
anterograde event paused and then reinitiated transport, the ratio of reversed direction (retrograde) to continued direction (anterograde) was computed.
Pearson’s chi-square test with Bonferroni correction for multiple-comparisons. n = WT, 75 retrograde and 314 anterograde; unc-104(wy673[G598R]), 13
retrograde and 131 anterograde; unc-104(wy873[E612K]), 10 retrograde and 109 anterograde; unc-104(wy865[V6I]), 20 retrograde and 108 anterograde;
arl-8(wy271), 16 retrograde and 66 anterograde; arl-8(wy271); unc-104(wy673[G598R]), 25 retrograde and 205 anterograde; arl-8(wy271); unc-104(wy873
[E612K]), 6 retrograde and 131 anterograde.in both WT and arl-8(wy271) background, suggesting that more
vesicles are transported distally when these autoinhibition muta-
tions are introduced to unc-104. Altogether, these data suggest
that these tail-domain autoinhibition mutants of UNC-104
(G598R and E612K) are more likely to reactivate motor transport
after pausing and bias reinitiated transport toward movement in
the anterograde direction. V6I showed different properties
compared to other two mutants, but the transport is increased.(F) Distribution of interpunctal distance in WT, unc-104(wy865[V6I]), and unc-104(
intersynapse distance is significantly longer compared to WT. p < 0.01, Mann-W
(G) Number of synaptic boutons visualized by GFP::Rab-3. Mean ± SD, n = 13 a
(H and I) Fluorescent intensity (H) and size (I) of mcherry::RAB-3 and SYD-2::GFP
p < 0.01, Dunnett test, n = 30 synaptic boutons.
(J and K) Characterization of synaptic boutons visualized with SNB-1::YFP inWT a
size of the synaptic area (J) and the mean fluorescent intensity of the synaptic b
intensity were reduced in unc-104(gf) alleles compared to WT animals. Mean ± S
(L) Aldicarb resistance assay. Worms were treated by aldicarb, and the percent
*p < 0.01 in all mutants compared to WT, Dunnett test. Three independent experi
more resistant to aldicarb compared to WT.Coexpression of ARL8B Mimics gf Mutations
We postulated that ARL-8 might bind to UNC-104 and activate it
by relieving the autoinhibition. To test this hypothesis, we co-
transfected KIF1A-GFP with ARL8B in COS-7 cells (Figures
6A–6D). Mammalian ARL8B is suitable for this assay, because
KIF1A is a mammalian protein and ARL8B can rescue arl-8 phe-
notypes when expressed in C. elegans (Figures S2D–S2G).
Unlike the diffuse localization pattern of KIF1A::GFP alonewy873[E612K]). In unc-104(wy865[V6I]) and unc-104(wy873[E612K]), the mean
hitney U test, n = 69 intersynapses from eight animals.
nimals. Not significant compared to WT.
signals at synaptic boutons in WT and unc-104(wy873[E612K]). Mean ± SEM,
nd unc-104(gf) alleles revealed by the computer-based automatic analysis. The
outons visualized by SNB-1::GFP (K). Both the size and the mean fluorescent
EM, p < 0.01, Dunnett test, n = 49 synaptic boutons.
age of worms that were not paralyzed at indicated time points were plotted.
ments, with 25 worms tested in each experiment. The unc-104(gf) alleles were
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Figure 6. Identification of an Intragenic Sup-
pressor of arl-8
(A and B) KIF1A or KIF1A::GFP and HaloTag::
ARL8B were transfected to COS-7 cells, and the
GFP signals were observed by spinning disc
confocal microscopy.
(C and D) MT binding assay was performed as
described in Figures 2E and 2F. (C) A representa-
tive image of western blot. (D) Quantification of
western blot analysis. Mean ± SEM, *p < 0.01
compared to the WT expression, Dunnett test.
N = 5.
(E–G) GFP::RAB-3 localization in DA9 neurons in
(E) arl-8(wy271), (F) arl-8; wy874, and (G) arl-
8(wy271);wy874/+. Scale bar, 50 mm.
(H) Schematic graph showing the nature of arl-
8(wy271) and arl-8(wy874). Arrows indicate the
position of PCR primers used to amplify the arl-8
genomic DNA fragment. Scale bar, 500 bp.
(I and J) Binding of various forms of ARL-8 to
KIF1A. GST-ARL8B(D1–17) and ARL8B(D1–17)
mutants were expressed in E. coli and attached to
glutathione Sepharose beads. Proteins were
separated by SDS-PAGE and detected by western
blot or CBB staining. (I) Representative results of
GST pull-down. (J) Relative protein binding
compared to D133N. n = 3 independent experi-
ments, *p < 0.01, t test.
See also Figure S4.(Figure 6A, left panel), when cotransfected with ARL8B, KIF1A::
GFP displayed internal-membrane localization (Figure 6A, right
panel). While about 80% cells showed totally diffuse localization
when only WT KIF1A was transfected, most cells showed MT
and/or internal-membrane localization when cotransfected with
ARL8B (Figure 6B). Consistent with these results, and using a
MT-binding assay, the amount of KIF1A in the MT pellet was
significantly increased in the presence of ARL8B compared to
KIF1A alone (Figures 6C and 6D). Altogether, this evidence indi-
cates that ARL-8 binding to UNC-104 unlocks the intramolecular
autoinhibitory interaction.
D133N Mutant Is an Intragenic Suppressor of
arl-8(wy271)
To further test the hypothesis that ARL-8 binding releases the
autoinhibition of UNC-104, we set out to identify mutant
versions of ARL-8 that have increased binding affinity with
UNC-104. arl-8(wy271) is a strong loss-of-function allele,
caused by the deletion of its the promoter region and first three2136 Cell Reports 16, 2129–2141, August 23, 2016amino acid of the coding region, which
dramatically reduced ARL-8 expression
(Klassen et al., 2010). Using an F1 sup-
pressor screen in the arl-8(wy271) back-
ground, we identified wy874. wy874 was
not an unc-104 allele. In the arl-8; wy874
allele, SV mislocalization, the presence
of ectopic SV clusters in the proximal
axon, and the absence of synapses in
the distal axon were suppressed (Figures
6E–6G; Figures S4A–S4C). While arl-8(wy271) has reduced body length, grows slower, and gives
a smaller number of progenies than does WT, these pheno-
types are largely suppressed in arl-8; wy874. Axonal transport
parameters were also recovered in arl-8; wy874 (Figures
S4D–S4F).
It was found thatwy874 is an intragenic suppressor of arl-8 for
the following reasons (Figure 6H). First, this mutation causes an
amino acid substitution D133N on a conserved guanosine
triphosphate (GTP) binding residue of ARL-8. Second, F2 ani-
mals obtained by backcrossing of this strain with WT N2 worms
did not give any arl-8 animals (from n = 132 F2 animals), suggest-
ing that the suppressor mutation is closely linked with the arl-8
gene. Third, injection of an arl-8 genomic fragment amplified
from the arl-8(wy874) allele could rescue arl-8(wy271) mutants
(Figures S4G–S4J), while a genomic fragment amplified from
the arl-8(wy271) mutant could not. In addition, whole-genome
sequencing shows that there are no other mutations in
the rescuing fragments. Altogether, these pieces of genetic
evidence argue that the D133N mutation causes a strong gf in
arl-8 and compensates for the severe reduction of arl-8 expres-
sion in the wy271 allele.
ARL-8/ARL8B(D133N) Strongly Binds to and Activates
UNC-104/KIF1A
Previously, we have shown that ARL-8 directly binds to the CC3
region of UNC-104/KIF1A (Wu et al., 2013). To test whether the
binding between ARL-8 and UNC-104 is augmented by the
D133N mutation, we tested the strength of binding with gluta-
thione S-transferase (GST) pull-down experiments. ARL8B and
KIF1A, mammalian orthologs of arl-8 and unc-104, were used,
because mammalian cells are more suitable for biochemical as-
says compared toC. elegans. Compared toWT ARL8B controls,
ARL8B(D133N) showed stronger binding to KIF1A (Figures 6I
and 6J). We also tested predicted GTP and guanosine diphos-
phate (GDP) forms of ARL-8. ARL8B(Q75L), a mutant that
mimics the GTP-bound form of ARL8B, strongly binds to
KIF1A as the D133N form. In contrast, ARL8B(T34N), a GDP-
form mutant, shows minimal binding. These results suggest
that the binding between ARL8B and KIF1A depends on the
nucleotide states of ARL8B and that D133N likely represents
an activating mutation for ARL-8/ARL8B. The tip accumulation
assay in DA9 neurons and the MT binding assay in COS cells
also indicated that D133N mutation activates UNC-104/KIF1A
in cells (Figures S4K–S4N). These data strongly suggest that
the binding between ARL-8/ARL8B and UNC-104/KIF1A corre-
lates with the activation of UNC-104/KIF1A by ARL-8/ARL8B
in vivo.
ARL-8(D133N) Single Mutant Phenocopies unc-104(gf)
Mutants
Because arl-8(wy874) contains both the promoter deletion and
the D133N mutation, both protein level and ARL-8 activity are
likely affected in this mutant (Figure 6H). To tease out the contri-
bution of ARL-8 GTPase activity to synaptic phenotypes in the
clean genetic background, we used clustered regularly inter-
spaced short palindromic repeat (CRISPR)/CAS9 and homolo-
gous recombination to introduce the D133N mutation in the
WT background without the promoter mutation (Figure 7A) (Arri-
bere et al., 2014). The resultant arl-8(jpn1[D133N]) allele showed
an increased interpunctal distance compared to the WT control,
suggesting that activated ARL-8 leads to reduced synapse den-
sity and weak dendritic mislocalization of the GFP::RAB-3 signal
(Figures 7B–7G), a phenotype that is also found in unc-104(gf)
(Figures 4A–4D). The SV punctal intensity was weaker and syn-
aptic area was smaller in arl-8(jpn1[D133N]) compared to those
of the WT controls (Figures 7D–7G). A double mutant containing
both the D133Nmutation and the unc-104(wy798[E412K])muta-
tion showed no further enhancement of the synapse size pheno-
type, suggesting that arl-8(gf) and unc-104(gf) are in the same
pathway (Figures 7F and 7G). We have previously shown that
the arl-8(wy271) can be partially suppressed by loss of jkk-1
(Wu et al., 2013). As a single mutant, jkk-1 showed reduced
punctal intensity of synaptic markers (Figure 7F). To understand
the relationship between the jkk-1 and the unc-104 pathways, we
analyzed synaptic intensities and area in the unc-104(wy798
[E412K]); jkk-1 double mutant. The synaptic punctual intensity
and area of the double mutant are enhanced, suggesting thatUNC-104 and JKK-1 function in parallel pathways to regulate
synapse size (Figures 7F and 7G).
Finally, we found that arl-8(jpn1[D133N]) worms showed aldi-
carb resistance, similar to unc-104(gf) (Figure 7H). Altogether,
these results argue that constitutive activation of ARL-8 leads
to overactivation of UNC-104, an effect that can also be
achieved by the autoinhibition mutations.
DISCUSSION
Activation Mechanism of UNC-104/KIF1A
Previous studies showed that KIF1A is regulated by autoinhibi-
tion in vitro (Hammond et al., 2009). Similar effects by the muta-
tions on both worm and mammalian kinesins argue that the
autoinhibition is a conserved mechanism to regulate UNC-104/
KIF1A. While previous studies have focused on the activation
of the kinesin motor domain (Blasius et al., 2007; Cho et al.,
2009; Fu and Holzbaur, 2014; Sun et al., 2011; van der Vaart
et al., 2013; Yamada et al., 2007), we found that cargo binding
is also regulated by an autoinhibitory mechanism (Figures 2
and 6). Introduction of gf mutations, or coexpression of
ARL8B, is able to activate KIF1A and drives KIF1A onto both
MTs and internal membranes.
How are kinesin activation and cargo availability coordinated?
Our data suggest that arl-8/ALR8B, a conserved small GTPase,
activates UNC-104/KIF1A by unlocking the autoinhibition of unc-
104/KIF1A (Figure 7I; Figure S5). Both worm ARL-8 and verte-
brate ARL8 are localized on the SV membrane (Takamori et al.,
2006; Wu et al., 2013). It is possible that this localization ensures
UNC-104/KIF1A is activated specifically on the cargo vesicles.
Unlike other small GTPases that serve as membrane receptors
for motor proteins, ARL-8 is not required for the binding of
UNC-104/KIF1A to SVs, because the autoinhibition defective
UNC-104/KIF1A mutants retain vesicle-binding abilities in the
absence of ARL-8. Along with the previous literature, these
data suggested that cargo vesicle-bound ARL-8 binds to UNC-
104/KIF1A and releases the autoinhibition, which enables bind-
ing of the tail domain to the cargo vesicles, as shown in previous
studies (Niwa et al., 2008; Wagner et al., 2009). Consequently,
the cargo binding would induce dimerization (Klopfenstein
et al., 2002), leading to full activation of UNC-104 (Figure S5)
(Tomishige et al., 2002).
Autoinhibition of UNC-104 Regulates Polarized
Distribution of Synaptic Material, Synapse Size, and
Synaptic Density
Although previous studies have shown that kinesins are regu-
lated by autoinhibition (Blasius et al., 2007; Cho et al., 2009;
Fu and Holzbaur, 2014; Sun et al., 2011; Yamada et al., 2007),
it has not been fully clarified how the mechanism affects the
cargo distribution in vivo. Our genetic data suggest that the
autoinhibitory mechanism of unc-104 is required for normal
SV localization and synaptic functions in vivo. unc-104 mutants
lacking the autoinhibition showed decreased synaptic density
and smaller synaptic puncta. These mutants were aldicarb
resistant, indicative of a synaptic transmission defect (Mahoney
et al., 2006). While these assays do not provide detailed charac-
terization of electrophysiological parameters, they stronglyCell Reports 16, 2129–2141, August 23, 2016 2137
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Figure 7. The Phenotype of the Gain-of-Function Mutant of arl-8
(A) Left: genome editing using the CRISPR/CAS9 method. The D133N mutation was introduced into the WT background to generate an arl-8 allele, arl-8(jpn1).
Right: schema showing the genomic structure of arl-8(jpn1), arl-8(wy271), and arl-8(wy874).
(B–D) Representative confocal images of WT and arl-8(jpn1[D133N]). (B) Gross phenotype. (C) Dendritic mislocalization. (D) Image montages of part of the
synaptic region in WT and arl-8(jpn1[D133N]). Scale bars, 10 mm.
(E) Distribution of the interpunctal distance in WT and arl-8(jpn1). In arl-8(jpn1), the mean intersynapse distance is significantly longer compared to WT. p < 0.01,
Mann-Whitney U test, n = 50 intersynapses from three animals.
(F and G) Characterization of synaptic boutons in WT, jkk-1, unc-104(wy798), arl-8(jpn1), unc-104(wy798);arl-8(jpn1) double mutant, and unc-104(wy798); jkk-1
double mutant visualized by RAB-3::GFP. Punctal intensity and size were measured as described in Figure 4. Mean ± SEM, p < 0.01, Dunnett test, n = 60 synaptic
boutons.
(legend continued on next page)
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suggest that synaptic transmission is reduced in the autoinhibi-
tion mutants.
The factors that determine synaptic localization are funda-
mental to the formation of neuronal networks. Previously, we
found extrinsic and intrinsic factors, such as wnt signaling mole-
cules, dynein, and two cyclin-dependent kinase pathways, regu-
late the synaptic localization (Ou et al., 2010; Park et al., 2011). In
addition to these factors, this study revealed that the autoinhibi-
tion of UNC-104 and the nucleotide state of ARL-8 also deter-
mine synaptic localization. In both unc-104(gf) and arl-8(gf)
mutants, a small but significant amount of synaptic material
was mislocalized to the dendrite. We have previously shown
that SV precursors are transported by both UNC-104 and dynein
(Maeder et al., 2014). In dendrites, while most MTs are minus-
end out, there are some MTs that are plus-end out (Yan et al.,
2013). These plus-end-out MTs can potentially support the traf-
ficking of SVs into the dendrite by UNC-104. While UNC-
104::GFP, in which autoinhibition is disrupted, was under the
detectable level in DA9 dendrites, the amount of SV precursors
transported to the dendrite was increased (Figures 3, 4A, and
4B). This result implies that even the small amount of UNC-104
might be sufficient to transport cargoes when the autoinhibitory
mechanism is disrupted. Furthermore, it is possible that more
ARL-8 is in the GTP state in the axon compared to the dendrite
and regulates the polarized transport of SVs, but further analysis
is required to test this hypothesis.
The synapse density is reduced in autoinhibition mutants (Fig-
ure 4). It is conceivable that the decreased synaptic density in the
autoinhibition mutants might be the result of reduced pause
duration or increased movement events (Figure 5), both of which
could lead to more robust anterograde movement and better
separation of en passant synapses during synaptogenesis.
Furthermore, the size of synapses appears to be reduced in
these autoinhibition mutants. This is consistent with our previous
findings that overexpression of ARL-8 reduces the size of
synapses (Wu et al., 2013) and further suggests that UNC-104-
mediated trafficking and SV aggregation are antagonistic
aspects of synapse formation. The balance of these events
is required to achieve the appropriate size and density of synap-
ses in vivo. Our data suggest that the balance would be regu-
lated by the autoinhibition of UNC-104 and the nucleotide state
of ARL-8.
EXPERIMENTAL PROCEDURES
Full Supplemental Experimental Procedures are described in the Supple-
mental Information.
Genetics, Cell Biology, and Biochemistry
C. elegans was maintained on OP50 feeder bacteria at 20C. Genetic
screening was performed using ethyl methanesulfonate (Sigma-Aldrich).
Extrachromosomal arrays were generated by plasmid injection. Genome edit-
ing was performed as described (Arribere et al., 2014). COS cells were main-(H) Aldicarb resistance assay. arl-8(jpn1) is resistant to the aldicarb treatment com
independent experiments, with 25 worms tested in each experiment.
(I) Model showing how UNC-104 is activated. GTP-ARL-8 on vesicles strongly bi
UNC-104 can bind to both MTs and SVs.
See also Figure S5.tained in a 5% CO2 incubator at 37
C. Transfection was performed using
Lipofectamine 2000 (Life Technologies).
Microscopy
DA9 neurons were observed by an LSM710 confocal microscope system (Carl
Zeiss) equipped with PlanApochromat (Zeiss, 363, numerical aperture [NA]
1.4) as described (Wu et al., 2013). Time-lapse microscopy was performed
using a spinning disk confocal microscope (Yokogawa) equipped with
PlanApochromat (Zeiss, 363, NA1.4) as described (Maeder et al., 2014).
Statistics
Statistical methods and the sample size are described in each figure legend.
The t tests and chi-square tests and Bonferroni correction were performed us-
ing Excel (Microsoft), the Dunnett method and Mann-Whitney U test were per-
formed using Excel Toukei (SSRI), and the Kruskal-Wallis test was performed
using MATLAB (MathWorks).
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures
and five figures and can be found with this article online at http://dx.doi.org/
10.1016/j.celrep.2016.07.043.
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